Laser ultrasonics, a technique based on the generation of ultrasonic waves by a pulsed laser and on their detection by a laser interferometer, can be used to determine grain sizes in steels. The absolute values of the average grain size can be calculated directly from the attenuation measurements of ultrasonic longitudinal bulk waves. The general methods of attenuation measurements are computed based on the amplitude of longitudinal waves. In fact, the amplitude as only one value is infected by the noise. Besides, the attenuation should be considered as the energy reduction. The method of time domain energy is proposed to compute the attenuation. The results indicate that time domain energy can improve the accuracy of the grain size prediction. The laser ultrasonic technique may be incorporated online for direct measurements of grain size during steel production.
Introduction
The grain size and crystalline texture of metal sheets strongly affects its formability. The grain size and texture plays an important role in determining the subsequent formability into such finished parts as beverage cans and automotive components. Since grain size is one of the factors which influence the material properties of steel products, it is important to maintain grain size in permissible ranges.
Characterization of material, during production as well as development, is usually carried out using time-consuming and costly methods such as microscopy and mechanical test. 1) It is well known that laser-ultrasonic (LU) information about microstructural and metallurgical properties such as texture and grain size can be used to extract from the measured ultrasonic wave velocity and attenuation in the materials. 2, 3) Results have also been published on austenite recrystallization and grain growth in steel alloys. 46) In rolled strip material, the grain size is influenced by various kinds of thermo-mechanical processes applied in the rolling mill (hot and cold rolling and annealing). It is of great importance that the quality should be homogeneous over the entire length of a strip; this can only be monitored using a continuous, on-line measuring method. The combined results of the studies presented in the literature have firmly shown that the laser-ultrasonic techniques (LU) can be used as this. 6) Ultrasonic waves can penetrate a few percent of meters in metals, although the wave amplitude becomes progressively attenuated by the microstructure as it travels over longer distances. The attenuation experienced is dependent on grain size such that large grains have a dominating influence. Depending on the wavelength/grain size ratio (/D), the attenuation ¡ can be described as a Rayleigh region
, where C r , C s , and C d are constants of the material and D is the diameter for spherical grains.
One way to obtain the attenuation from ultrasonic measurement is from the relative difference between the amplitude of two successive echoes. In this way, the attenuation parameter can be calculated the following relationship.
Where, U 1 and U 2 are the amplitude of the 1P and 3P. The propagation path of the first echo and the second echo are named as 1P and 3P. L is the thickness of the sample. In this method, the amplitude is selected as the maximum value of the 1P and 3P echoes from the time domain signals. And then, the attenuation parameters of each sample were calculated. In real measurement, the results are affected by the noise from the equipment stability, the sample surface state, the environmental difference, the second phases, precipitation, dislocations and so on. If only the maximum values of the 1P and 3P echoes are selected as the intensity, maybe the accuracy is influenced by the noise seriously. Besides, the attenuation should be considered as the energy reduction. In this paper, time domain energy method is proposed to compute the attenuation, which was shown in 2.2.
Experimental and Time Domain Energy Method

Experimental
The samples inspected were steel plate heat commercial (SPHC) steel. The samples were taken from coils directly after hot rolling. Grain size was an important property of these hot-rolled strips. Four samples with dimensions 75 mm © 65 mm © 3.35 mm were cut from the coil for experimental study. Three of them were annealed in order to adjust grain size, the holding temperature is 800°C and the holding time is 3090 min, then they were cooled to room temperature and a small piece 8 mm © 9 mm was cut for EBSD measurement. The samples were prepared using standard mechanical polishing and electro-polishing (5% perchloric acid solution under an applied potential of 15 V during 60 s). After acid pickling and electrolytic polishing the samples were cleaned for 2 min in an ultrasonic bath, The Electron Backscattered Scattering Detection (EBSD) data were obtained using a ZEISS ULTRA 55 Field-Emission Scanning Electron Microscope (SEM). The measured area in the middle of the samples was 1000 µm © 400 µm on a step size 1.5 µm. The samples had high indexing rates (over 99%) after noise reduction, indicating a low level of errors/noise in the map. The grain sizes of the four samples were determined from EBSD analyses by measuring the mean linear intercepts. Figure 1 shows the laser-ultrasonic measurement model. The laser generator uses a Q-switched Neodium: YttriumAluminum-Garnet (Nd:YAG) pulsed lasers as a transmitter of the ultrasonic wave, the wavelength was 532 nm, the laser pulse energy was 200 mJ and pulse width was 8 ns, the diameter of the pulse laser beam is 6 mm, after focused by the lens, the diameter of the pulse laser spot on the middle of the sample surface was about 2 mm, this will not damage the sample surface and the laser-ultrasonic measured area was about the same size with the EBSD measured area. The ultrasonic detection equipment was based on two wave mixing interferometer (bandwidth 120 MHz, wavelength 1550 nm). The sample rate was 50 MHz and 1000 sample points were collected each time. In order to reduce the noise, in the sample position the signals collection were repeated 8 times and then the average values in the time domain were as the output ultrasonic signals. The received ultrasonic signals were input to a differential circuit (equivalent to a high-pass filter) and a digital oscilloscope. Finally, the signals were storied in a computer.
And then, the attenuations were got from the laserultrasonic measurement. One sample was used to compute C r , constant of the material. The grain size of the other three samples can be calculated.
Time domain energy
After time-averaging and frequency filtering, the noise from the equipment stability, the sample surface state, the environmental difference can be reduced. The noise from the equipment stability that is low frequency signal, can be reduced by frequency filtering. The noise from the sample surface state and environmental difference can be reduced by time averaging.
But the noise from the microstructure difference in different samples (in other words, the microstructure of each samples are not strictly same, the Second phases, Precipitation, Dislocations which also effect the ultrasonic wave attenuation are slightly different) cannot be reduced.
In order to reduce the influence, the time domain energy is proposed. The analysis benefits from some post-processing, which was depicted in Fig. 2 . Signal 'echo', in the upper left corner, was an experimentally obtained time signal in Fig. 2(a) . The first echo and the second echo spectrum, labeled "zoom of 1P" and "zoom of 3P" in Fig. 2(b) , contained the acoustic information. After invert the signals labeled "zoom of 1P" and "zoom of 3P" by "time = 0" as a symmetry axis, signals "inverted 1P" and "inverted 3P" were obtained shown in Fig. 2(c) . A final step reduced the noise by fitting the signals "inverted 1P" and "inverted 3P" using the MATLAB toolbox with a Gaussian function, labeled "fitting of inverted 1P" and "fitting of inverted 3P" in Fig. 2(d) . In the final spectrum, the full width at half maximum (FWHM) was chosen to compute the "integral of 1P" and "integral of 3P". And the integral of 1P and 3P named as A 1 , A 2 , that were calculated as the energy of 1P and 3P. Then, the attenuation parameter can be calculated the following relationship.
Where, A 1 was the energy of 1P; A 2 was the energy of 3P; L is the thickness of the sample.
Experimental Results and Analysis
EBSD measurement results
The microstructure of the four steel samples measured by EBSD was shown in Fig. 3 . The mean linear intercept method for measuring "grain size" was well established according to ASTM E112 8) and has been implemented. A major difference between this implementation and more conventional ones is that the crystallographic orientation data is being used rather than a processed image from an etched specimen. The advantage of EBSD is that there is no ambiguity about the grain boundaries since they are measured in terms of crystallographic data. Parallel test lines are "drawn" over the map and the points where the lines intercept a grain boundary are noted. The mean linear intercept is calculated by adding all the line segments together and dividing by the number of complete grains the test lines passed through. Incomplete intercepts, from grains that touch the edges of the map, are not included in the statistics. To avoid sampling a grain more than once, the lines should be at least the maximum grain diameter apart. In this measurement, 10 parallel test lines were drawn over the map and the average grain size and error bar were automatically calculated, which were shown in Table 1 .
Laser ultrasonic measurement results
The surface vibration caused by ultrasonic wave was detected by the laser ultrasonic receiver. The received ultrasonic signals were shown in Fig. 4 . The vertical axis of the detected ultrasonic waveforms represented the amplitude of ultrasonic wave detected by the laser ultrasonic receiver, and the horizontal axis showed the time following irradiation by the pulsed laser. It was found that the echoes become weaker as the grain size increases.
Analysis and discussion
It was assumed that the main contribution to the attenuation was the scattering of the ultrasonic pulse at the grain boundaries, other contributions such as absorption at dislocations and precipitates were neglected.
In general, the attenuation of the two successive ultrasonic echoes can be obtained from eq. (1), the amplitude was selected as the maximum value of the 1P and 3P echoes in Fig. 4 . The attenuation of the four steel samples calculated by the general method was listed in Table 1 . From Table 1 it was found that attenuation parameters increase with the increase of the average grain size. From above, the average grain sizes and the attenuation parameters of each sample were got, and then the material constants C r can be calculated using the
. In this paper, the material constant C r was calculated using the SPHC-1 that called as calibration sample. Then the grain sizes of the other three samples were computed and listed in Table 1 .
Here, the attenuation of the four steel samples was also calculated by the time domain energy method and listed in Table 1 . Similarly as above, the material constants C r in Rayleigh region were calculated. The SPHC-1 was used as calibration sample to predict the grain size of other samples. The results were also listed in Table 1 .
The measurement grain size by EBSD, calculated values by the general method and energy method were shown in Fig. 5 and Table 1 . Then it was found that:
(1) The time domain energy method can improve the accuracy of the calculated grain size. The calculated grain sizes of the other three samples from LU were more close to the EBSD compared with the general method. For example, the average grain size of SPHC-3 from EBSD was 16.9 µm. The grain size from the time domain energy method was 16.45 µm, compared with 16.17 µm from the general method.
(2) The average grain size of SPHC-2 from EBSD was 13.1 µm, and the calculated average grain size from LU was very close to the EBSD. With the increasing of the difference of the grain size between the calibration sample and testing samples, the error also increased. For example, the calculated average grain size of sample SPHC-4 was 18.02 µm compared with measured by EBSD 20 µm, it was also more error than sample SPHC-2 and SPHC-3.
(3) The average grain size of the steel samples predicted by time domain energy method had a higher accuracy than the general method, especially when the average grain size of the testing sample had a big difference with the calibration sample.
The results presented in Table 1 shown that there was a close relation between grain size obtained from EBSD image analysis and grain size calculated from ultrasonic waves analysis. The stress state, orientation distribution state and metallurgical state were also changed for the detected samples. Any changes in the detected samples would hamper the analyses and become a source of error to the analysis results.
Online Measurement Based on Laser-Ultrasonic
The modern iron and steel production and application of technical requires the steel products with high performance and uniformity quality. The conventional quality and mechanical properties testing mainly relies on a static, offline and destructive methods. Although these methods can obtain the performance parameters of the final products, they are less efficient and great randomness, and cannot detect the microstructure, mechanical properties and control the products quality online throughout the production process. So, it is of strategic significance to investigate and develop the online determination and quality control technology, for Grain Size Measurement in Steel by Laser Ultrasonics Based on Time Domain Energyonline, whole process, real time and non-destructive detection the plate quality to improve the overall quality of the steel industry and steel products, and ensure the steel products with a high stability, high uniformity, high consistency of quality and performance.
7)
The ultimate purpose of on-line measurement in the production line is feedback control of the production process itself. This is possible if the measured quantity on the controllable production parameter is quantitatively known. Figure 6 shows the sketch of on-line laser ultrasonic measurement system. A Neodium:Yttrium-Aluminum-Garnet (Nd:YAG) laser is employed to simultaneously generate these ultrasonic modes. For the ultrasonic detection, a continuous laser is coupled to a photorefractive interferometer by optical fibers.
Conclusion
The average grain sizes and material constants C r of steels were determined and analyzed by laser ultrasonic. Using the calculated material constants C r the average grain sizes of other steel samples were calculated, and there was a close relation between grain size obtained from EBSD image analysis and grain size calculated from ultrasonic wave analysis, and these results may be useful for online measurement based on laser-ultrasonic. The time domain energy method can improve the accuracy of the calculated grain size. With the increasing of the difference of the grain size between the calibration sample and testing sample, the error also increase. In the future the on-line measurement in the production line can be used for feedback control during the rolling, and the proposed time domain energy method in this paper can improve the accuracy of the grain size prediction.
